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Abstract: Background: This study investigated the biocompatibility and antibacterial efficacy of
chitosan–gelatin (CH-G) scaffolds loaded with slow-releasing antibiotic formulations used in re-
generation endodontic procedures (REPs). Methods: Scaffolds were fabricated using freeze drying
and loaded with varying concentrations of augmentin or modified triple antibiotic paste (mTAP).
High-resolution scanning electron microscopy (SEM) was used to characterize the scaffold, while
drug release was monitored via UV-Vis spectrophotometry. Immortalized human mesenchymal stem
cells (hMSCs) were cultured on CH-G scaffolds alone (control), either 0.1 mg/mL or 1 mg/mL of
augmentin or mTAP, and 10 mg/mL calcium hydroxide (Ca(OH)2). Cell viability and proliferation
were assessed using the Alamar Blue assay and SEM, respectively, and live/dead staining further
corroborated cell viability. Antibacterial activity against Enterococcus faecalis was evaluated using
the MTT assay and confocal laser scanning microscopy (CLSM). Results: Augmentin at 0.1 mg/mL ap-
peared to promote better cell growth and attachment within the scaffolds than all other formulations,
exhibiting acceptable viability. SEM revealed improved cell attachment in augmentin and mTAP
groups compared to the Ca(OH)2 group. Augmentin at 1 mg/mL and mTAP groups significantly
reduced viable bacteria compared to controls. Augmentin groups and mTAP at 1 mg/mL were
highly effective in eliminating E. faecalis biofilms, with mTAP potentially causing more cell death
within the remaining biofilm structures. Conclusions: This study suggests that CH-G scaffolds loaded
with augmentin and mTAP, particularly at a concentration of 1 mg/mL, offer promising advantages
for REPs due to their biocompatibility, antibacterial efficacy, and ability to promote cell attachment.
Further research may explore the long-term effects in clinical settings.

Keywords: regenerative endodontics; intracanal medicaments; modified triple antibiotic paste; root
canal disinfection; chitosan scaffold

1. Introduction

Pulpal necrosis and subsequent endodontic infection in immature teeth present a
significant clinical challenge. These conditions can halt root development, compromising
the long-term strength and prognosis of the affected tooth [1]. Regenerative endodontic
procedures (REPs) offer a promising approach to treating necrotic pulp in immature per-
manent teeth. REPs aim to stimulate a host response against bacteria while promoting
root development and increased dentin formation [2–4]. This approach aligns with the
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principles of tissue engineering, potentially by introducing stem cells, growth factors, and
scaffolds into the devitalized root canal system.

Persistent infection remains a primary hurdle to successful REP outcomes [5]. There-
fore, effective root canal disinfection using intracanal irrigants and medicaments is critical.
These methods reduce microbial biofilms within the root canal system and optimize treat-
ment success [2,6].

The American Association of Endodontists (AAE) recognizes various intracanal
medicaments for REP treatment, including triple antibiotic paste (TAP), double antibiotic
paste (DAP), modified triple antibiotic paste (mTAP) incorporating clindamycin, amox-
icillin, or cefaclor instead of minocycline, and calcium hydroxide (Ca(OH)2) [7]. While
Ca(OH)2 is a commonly used intracanal medicament, it demonstrates limited antimicrobial
activity and lacks residual effects [8]. Furthermore, clinical studies suggest its efficacy
falls below that of TAP [9–11]. A recent trial comparing mTAP (with cefaclor) to Ca(OH)2
found no significant difference in outcomes at three years [12]. However, a separate clinical
trial using a lower concentration of TAP (0.1 mg/mL) revealed a significantly higher resid-
ual bacterial load compared to a higher concentration (1 g/mL) and Ca(OH)2 paste [13].
This concerning finding led to the discontinuation of the low-concentration TAP group
due to early clinical failures. These findings highlight the need for improved intracanal
medicaments that effectively manage bacterial infections while supporting regeneration in
REP procedures.

Augmentin has shown efficacy against microorganisms cultured from such endodon-
tic infections [14,15]. However, its use can be limited by potential discoloration of the
tooth. TAP offers broad-spectrum antimicrobial activity but carries the risk of dentin stain-
ing the tooth [16]. The development of mTAP, which explores alternative antibiotics to
replace minocycline, potentially promotes host cell function while maintaining effective
antimicrobial action without tooth discoloration [17].

A key consideration when employing antibiotics in REP is balancing their effectiveness
against bacteria with minimal adverse effects on stem cells, which is crucial for pulp–dentin
complex regeneration [18]. High antibiotic concentrations are potentially more potent
against bacteria and can impair stem cell viability. Biocompatible scaffolds loaded with
antibiotics offer a promising solution, delivering sustained drug release within the root
canal system to eliminate infection while preserving cell viability [19,20].

Hydrogels, nanogels, and chitosan scaffolds are materials explored for sustained and
biocompatible medication delivery in REPs. Chitosan has garnered significant research
interest due to its physicochemical and biological properties. These properties limit bacterial
growth and enhance bioadherence and cell affinity, making chitosan a compelling candidate
for antibiotic delivery in REPs [21–23].

This study investigated the biocompatibility and antibacterial efficacy potential of
chitosan–gelatin (CH-G) scaffolds loaded with slow-releasing antibiotic formulations used
in REPs. Therefore, the null hypothesis was that there is no significant difference in the
proliferation, viability, or antibacterial activity potential of CH-G scaffolds loaded with
different antibiotic formulations (augmentin, mTAP) or Ca(OH)2.

2. Materials and Methods
2.1. Ethical Approval

This study was approved by the Institutional Review Board (project number E-20-4887).

2.2. Fabrication of CH-G Scaffolds

CH-G scaffolds were fabricated using a previously described freeze-drying method [24].
Briefly, 2% (w/v) chitosan (75–85% deacetylated, molecular weight 310,000–375,000;
Sigma-Aldrich/Merck, Darmstadt, Germany) solution in 1% (v/v) acetic acid was pre-
pared and centrifuged to remove undissolved residues. Subsequently, a 3% (w/v) gelatin
(Sigma-Aldrich; St. Louis, MO, USA) solution was mixed with the chitosan solution in a
2:3 ratio. This homogeneous mixture was poured (500 mL) into customized molds (area:
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5 mm2, thickness: 3 mm2). The samples were refrigerated at 4 ◦C, frozen at −80 ◦C for 4 h,
and freeze-dried at −56 ◦C overnight to obtain 3D CH-G scaffolds.

2.3. Sterilization and Neutralization

The resulting scaffolds (diameter: 5 mm, thickness: 1 mm) were sterilized using
gamma radiation at 25 kGy. All scaffolds were neutralized by immersion in 10% NaOH,
followed by washing with sterile water until neutrality was achieved.

2.4. Characterization of CH-G Scaffolds by Scanning Electron Microscopy (SEM)

The microstructure of the scaffolds was evaluated using JSM-6610LV scanning electron
microscopy (SEM) (JEOL, Tokyo, Japan). Dried CH-G scaffolds were sputter-coated with
gold after being mounted on an electric adhesive film. The size and structure of the
scaffolds were examined using SEM, as previously described [24]. Pore size was estimated
by measuring at least 30 pores from different cross-sections of three scaffolds using the
SEM Control User Interface software (Version 3.11).

2.5. Preparation of Antibiotic Formulations

Stock solutions of augmentin and mTAP medicaments (10 mg/mL) were prepared by
slowly dissolving equal amounts of each antibiotic powder in sterile water under contin-
uous stirring within a sterile environment. Selected doses (0.1 mg/mL and 1.0 mg/mL)
of each medicament (augmentin or mTAP) were prepared by diluting the stock solutions.
Ca(OH)2 medicament was prepared by mixing pure Ca(OH)2 powder (Somatco, Riyadh,
Saudi Arabia) with water at a concentration of 10 mg/mL [25].

2.6. Antibiotics Loading and Incubation

Dry CH-G scaffolds were placed in a 24-well plate and immersed in 1 mL of one of the
five experimental medicaments or the control solution (phosphate-buffered saline, PBS) for
overnight incubation at 37 ◦C. The six experimental groups were as follows:

Group 1: CH-G + 0.1 mg/mL augmentin;
Group 2: CH-G + 1 mg/mL augmentin;
Group 3: CH-G + 0.1 mg/mL mTAP;
Group 4: CH-G + 1 mg/mL mTAP;
Group 5: CH-G + 10 mg/mL Ca(OH)2;
Control: CH-G + PBS.

Following incubation, the hydrated scaffolds were gently transferred to fresh PBS in
24-well plates and maintained in an incubator at 37 ◦C until further experimentation.

2.7. Release of Antibiotics from CH-G Scaffolds

The in vitro release profiles of augmentin and mTAP from the CH-G scaffolds were
analyzed using ultraviolet (UV) spectrophotometry [26]. Briefly, scaffolds loaded with each
antibiotic (0.33 mg/mL) were incubated in 5 mL of PBS (pH 7.2) at 37 ◦C for one week.
At predetermined time points (1, 2, 4, and 6 h; 1, 2, 5, 6, and 7 days), 1 mL aliquots were
withdrawn from each well and replaced with fresh PBS to maintain a constant volume.
The withdrawn aliquots were centrifuged to remove any scaffold debris. The supernatants
were then analyzed using UV spectrophotometry at the following wavelengths specific for
each antibiotic as per the following equation:

=
∑t

t→0 Mt

MActual
× 100%

M represents the mass of the antibiotic drug released at a specific time point during
the measurement period. Mt signifies the total amount of the antibiotic drug initially
present within the scaffold material. M (actual) represents the release exponent, which
mathematically describes the pattern of drug release over time.
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2.8. Cell Culture and Seeding

Human mesenchymal stem cells (hMSCs) were used in this study. The isolation pro-
cedures for the hMSC line followed previously established protocols [27,28]. Cells were
seeded onto 24-well plates at a density of 1 × 106 cells per well. The culture medium
consisted of low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco/Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS;
Hyclone/Cytiva, Marlborough, MA, USA), 0.25 mol/L D-glucose, 0.004 mol/L L-glutamine,
0.006 mol/L sodium pyruvate, 100 U/mL penicillin–streptomycin, and non-essential amino
acids (Gibco/Thermo Fisher Scientific). Cells were maintained in a humidified incubator
set at 37 ◦C with 5% CO2. Following seeding, hMSCs were incubated for 24 h to facilitate
attachment and growth to 80–90% confluence. All experiments were performed in triplicate
with a sample size of n = 4 per replicate, resulting in a total of n = 12 samples per group.

2.9. Cell Viability and Proliferation

CH-G scaffolds loaded with the experimental and control solutions were placed over
hMSCs seeded in 24-well plates at a × 106 cells/well. Density cell viability was assessed
over 3 days using the Alamar Blue assay (AbD Serotec, Kidlington, UK) according to the
manufacturer’s instructions [1]. Briefly, cells were incubated for 24 h to allow attachment.
Scaffolds were added and incubated for 1, 2, or 3 days. At each time point, 10% Alamar Blue
was added to each well and incubated for 2 h. Fluorescence intensity (excitation/emission
530/590 nm) was measured using a fluorescence reader (BioTek, Winooski, VT, USA).

Cell proliferation and attachment were evaluated using SEM (JSM-6360LV SEM; Jeol,
Tokyo, Japan). After 3 days, cells were washed with PBS, fixed with 2.5% glutaraldehyde,
washed again, and dehydrated. Images were obtained at 5000× magnification.

2.10. Live/Dead Imaging

Acridine orange (AO) and ethidium bromide (EB) staining were used to assess apopto-
sis and necrosis after 72 h of medicament application. Media was removed, and cells were
washed and stained for 2 min with a solution containing 100 µg/mL each of AO and EB
(Sigma-Aldrich/Merck, Darmstadt, Germany). Cells were imaged using a Nikon Eclipse
fluorescence microscope (Nikon, Tokyo, Japan). Live cells appear green with AO staining,
while necrotic cells appear red with EB staining.

2.11. E. faecalis Strain and Biofilm Formation

Biofilms were prepared following a previously described protocol [29]. Briefly, a
standardized suspension of E. faecalis (ATCC 29212) was cultured in brain heart infusion
(BHI) broth at 37 ◦C for 24 h. Sterilized dentin discs were placed in a 96-well plate with
the pulpal side facing upwards. Each well received 3 mL of E. faecalis suspension adjusted
to 1 × 108 CFU/mL. The plates were incubated at 37 ◦C for 3 weeks in 100% humidity to
allow biofilm formation. The culture medium was replenished twice weekly to maintain
consistent bacterial growth.

2.12. Treatment of Infected Specimens

Experimental scaffolds (n = 4 per group, n = 12 total with triplicate experiments) were
placed over the dentin discs. The discs were then incubated at 37 ◦C and 100% humidity for
7 days. Untreated dentin discs with established biofilms (n = 10) were exposed to a sterile
saline solution, which served as the positive control for biofilm viability. Biofilm viability
on these control discs was verified using confocal laser scanning microscopy (CLSM; Nikon
C2Si, Nikon, Tokyo, Japan) and SEM.

2.13. Assessment of E. faecalis Viability

After 7 days of treatment, the metabolic activity of E. faecalis biofilms was assessed
using the MTT assay [30]. Scaffolds were removed from each well, and the dentin discs
were washed with 5 mL of sterile PBS to remove residual medicaments. Subsequently,
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150 µL of PBS and 50 µL of MTT solution (Millipore Sigma/Merck, Darmstadt, Germany)
were added to each well. The plates were incubated for 2 h at 37 ◦C in a light-protected
environment to allow formazan crystal formation by metabolically active bacteria within
the biofilms. The absorbance of the resulting solution was measured at 570 nm using a
microplate reader (BioTek Synergy II; BioTek Inc., Winooski, VT, USA). Higher absorbance
values indicate greater metabolic activity and more viable bacteria within the biofilms.
Selected specimens from each group were processed for SEM analysis using a JSM-6360LV
SEM (JEOL, Tokyo, Japan).

Bacterial viability within the biofilms was assessed using the Live/Dead BacLight
Bacterial Viability Kit (Molecular Probes/Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol. Briefly, samples were stained with a mixture
of SYTO 9 green, fluorescent nucleic acid stain (live cells) and propidium iodide red
fluorescent nucleic acid stain (dead cells). Confocal laser scanning microscopy (CLSM)
was then performed to visualize the stained biofilms. Biofilm images obtained via CLSM
were processed and quantified using Fiji software (Fiji, ImageJ, Wayne Rasband National
Institutes of Health, Version 2.9.0), an open-source platform widely used for biological
image analysis. The software was used to measure the fluorescence intensity of both SYTO
9 (green) and propidium iodide (red) within the biofilms. The ratio of red fluorescence
intensity to total fluorescence intensity (red + green) served as a measure of the proportion
of dead cells within each sample. This ratio was then converted to a percentage to determine
the relative viability of the bacterial population within the biofilms.

Statistical Analyses
Statistical analyses were performed using IBM SPSS Statistics software (version 28;

IBM Corp., Armonk, NY, USA). Data on cell proliferation, differentiation, and antibacterial
activity (MTT assay) were assessed for normality and homogeneity of variance. Normally
distributed data with equal variances were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for multiple comparisons between groups.
Appropriate non-parametric tests were employed for data with unequal variances or non-
normal distribution. All statistical tests were two-tailed, and a significance level of α = 0.05
was used.

3. Results
3.1. Microstructure of CH-G Scaffolds

Visual inspection revealed a sponge-like structure for the lyophilized CH-G scaffolds
(Figure 1A). Upon hydration and neutralization, the scaffolds became colorless, soft, flexible,
and gelatinous (Figure 1B). SEM analysis of the dry scaffolds demonstrated a highly porous
structure with interconnected spherical pores ranging in size from 31 to 69 µm (mean
diameter: 56 µm) (Figure 1C). Interestingly, scaffolds loaded with antibiotics exhibited
some swelling and pore expansion.

3.2. Differential Release of Medicaments from the CH-G Scaffold

The release profiles of various medicaments from the CH-G scaffolds are presented in
Figure 2. All medicaments displayed an initial burst release within the first hour, followed
by a sustained release phase reaching a plateau after 7 days. By the 4 h mark, over 88% of
clindamycin had been released from the scaffold, followed by metronidazole (77%) and
ciprofloxacin (68%). Similarly, Ca(OH)2 exhibited a 40% initial burst release within the first
hour. Augmentin displayed dose-dependent release, with 0.1 mg and 1 mg formulations
achieving approximately 40% and 60% release in the first hour. Notably, all medicaments
surpassed 80% cumulative release and exhibited a more linear release pattern after the first
day, reaching nearly 100% release by day seven.
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Figure 1. (A) Three-dimensional representation of dry chitosan–gelatin scaffold. (B) Image of the
hydrated and neutralized scaffold in a 24-well plate. (C) SEM images of the dry scaffold and immersed
scaffold in experimental groups and the control. Note: The dry scaffold CH-G is highly porous with
an interconnected pore structure, unlike the immersed scaffold in different antibiotics, which shows
reduced pore size.

3.3. Differential Release of Medicaments from the CH-G Scaffold

The release profiles of various medicaments from the CH-G scaffolds are presented in
Figure 2. All medicaments displayed an initial burst release within the first hour, followed
by a sustained release phase reaching a plateau after 7 days. By the 4 h mark, over 88% of
clindamycin had been released from the scaffold, followed by metronidazole (77%) and
ciprofloxacin (68%). Similarly, Ca(OH)2 exhibited a 40% initial burst release within the first
hour. Augmentin displayed dose-dependent release, with 0.1 mg and 1 mg formulations
achieving approximately 40% and 60% release in the first hour. Notably, all medicaments
surpassed 80% cumulative release and exhibited a more linear release pattern after the first
day, reaching nearly 100% release by day seven.

Figure 2. Cont.
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Figure 2. (A) Cumulative release (%) of antibiotic (metronidazole, ciprofloxacin, minocycline, and
clindamycin) at 0.33 mg/mL from chitosan–gelatin scaffold (n = 4 in triplicate). (B) Cumulative
release (%) of Ca(OH) at (10 mg) from chitosan–gelatin scaffold (n = 4 in triplicate). (C) Cumulative
release (%) of augmentin from chitosan–gelatin scaffold (n = 4 in triplicate).

3.4. Augmentin Enhances Cell Proliferation, While Augmentin and mTAP Improve Viability

Cell proliferation was significantly greater (p < 0.05) in the 0.1 mg/mL augmentin
group compared to all other groups at all time points (Figure 3A). This finding was further
supported by live/dead staining, which revealed a significantly higher proportion of viable
cells (green stain) in the 0.1 mg/mL augmentin group compared to other groups (Figure 3B).

SEM analysis revealed distinct morphological structures across treatment groups.
Cells cultured with only the scaffold appeared flat, unattached, and less spread out, lacking
prominent cytoplasmic extensions. In contrast, cells treated with augmentin displayed
a rounded structure with a wider distribution within the scaffold. Cells in this group
exhibited a more spindle-shaped appearance. Conversely, the mTAP group showed cells
with multiple thin cytoplasmic extensions, appearing more abundant and rounded at
the edges, with good attachment to the scaffold. Cells in the Ca(OH)2 group displayed
detached cells with visible cytoplasmic extensions (Figure 3C).
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Figure 3. (A) Results of proliferation (Alamar Blue assay). Different lowercase letters indicate
statistical significance when compared with control at each time point. Error bars indicate standard
deviations. “bar labeled with different superscript letter a indicate significant different from the
others labeled with b”. (B) Representative fluorescent microscope images (20x) of hMSCs treated
with experimental groups showing live (green) and dead (red) stain. (Scale bar = 200 µm). (C) SEM
image analysis of hMSCs after three days exposed to experimental groups and the control. Yellow
arrows indicate cells. (Scale bar = 500 µm).
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3.5. mTAP and Augmentin Exhibit Antimicrobial Activity

CLSM confirmed the presence of intact E. faecalis biofilms (Figure 4A). As shown in
Table 1, the 1.0 mg/mL augmentin and mTAP groups displayed a significant reduction
in bacterial viability compared to positive controls (p < 0.05). SEM analysis after seven
days of treatment revealed a complete absence of bacterial biofilm on the surfaces of
dentin discs in the 1.0 mg/mL augmentin and 1.0 mg/mL mTAP groups (Figure 4B).
CLSM corroborated these findings (Figure 4C). Residual biofilm structures were observed
on the dentin surface in the control, 0.1 mg/mL mTAP, and Ca(OH)2 groups. Table 2
indicates a higher proportion of dead cells within the 1.0 mg/mL mTAP group biofilms than
other treatments.

Figure 4. (A) 21-day-old E. faecalis biofilm on dentin slices. (B) Scanning electron microscopic images
(×1000) of 21-day-old E. faecalis biofilm on dentin slices treated with different medicaments for
7 days. Yellow arrowheads indicate bacterial rods of E. faecalis. (C) Representative confocal microscopy
showing live (green) and dead (red) bacterial cells on the dentin surface after seven days of treatment
with medicaments.

Table 1. E. Faecalis viability measured via MTT assay at 7 days treatment.

Group M ± SD 95% Confidence
Interval

Difference from
Positive Control

Dentin discs + E. Faecalis (Positive control) 0.41 ± 0.18 0.13 to 0.69
Dentin discs/CH-G alone (negative control) 0.37 ± 0.13 0.16 to 0.58 p = 0.999
Dentin discs/CH-G +Ca (OH)2 + E. Faecalis 0.30 ± 0.15 0.05 to 0.55 p = 0.895
Dentin discs/CH-G + 0.1 mg/mL augmentin + E. Faecalis 0.29 ± 0.11 0.11 to 0.46 p = 0.846
Dentin discs/CH-G + 1 mg/mL augmentin + E. Faecalis 0.03 ± 0.05 −0.09 to 0.03 p < 0.001 *
Dentin discs/CH-G + 0.1 mg mTAP + E. Faecalis 0.05 ± 0.20 −0.20 to 0.30 p = 0.008 *
Dentin discs/CH-G + 1.0 mg mTAP + E. Faecalis 0.01 ± 0.04 −0.02 to 0.08 p = 0.000 *

* Indicates statistically significant value from the positive control (p < 0.05). p-values are from the Tukey HSD post
hoc test.
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Table 2. Median and range values of dead cells of the positive control and experimental groups after
7 days of treatment.

Group Median (Range) *

Dentin discs + E. Faecalis (Positive control) 25.4 (13.85–25.8) a

Dentin discs/CH-G alone (negative control) 56.09 (27.9–56.4) b

Dentin discs/CH-G +Ca (OH)2 + E. Faecalis 65.35 (40.1–65.2) c

Dentin discs/CH-G + 0.1 mg/mL augmentin + E. Faecalis 80.27 (59.57–75.35) d

Dentin discs/CH-G + 1 mg/mL augmentin + E. Faecalis 83.59 (83.208–88.8) d

Dentin discs/CH-G + 0.1 mg mTAP + E. Faecalis 81.59 (41.56–85.9) d

Dentin discs/CH-G + 1.0 mg mTAP + E. Faecalis 91.52(83.1–94.87) e

* Data labeled with different superscript letters; a, b, c, d, e in the table are significantly different from each other
(p < 0.05).

4. Discussion

This study investigated the potential of CH-G scaffolds loaded with various antibiotic
formulations for their use in REPs. The choice of CH-G as the scaffold material relates to its
well-established biocompatibility and suitability for controlled drug delivery [31]. Scaffolds
require a highly porous structure with interconnected pores for effective tissue engineering.
It facilitates a favorable biological environment for cell attachment, proliferation, and
tissue regeneration [32]. The CH-G scaffolds employed in this study addressed this crucial
aspect with their large pore size, demonstrably promoting cell migration, as evidenced
in previous research [21]. Furthermore, CH-G scaffolds can effectively absorb various
antibiotics through passive absorption and diffusion [33–36].

Our findings confirm the ability of CH-G scaffolds to support the sustained release
of antibiotics, potentially creating a localized environment that promotes both effective
disinfection and tissue regeneration. SEM analysis confirmed that the solutions did not
compromise scaffold integrity. It offers several advantages over traditional endodontic
treatments. Sustained antibiotic release from the scaffold provides prolonged antibacterial
activity within the root canal, thus potentially reducing the risk of reinfection compared to
bolus delivery methods. Additionally, the biocompatible nature of CH-G minimizes the
potential for adverse tissue reactions compared to some conventional medicaments [37].
Previous research by Thein-Han et al. (2009) demonstrated a slow degradation profile for
chitosan–gelatin scaffolds in a simulated physiological environment over a 28-day period.
However, it is important to acknowledge that their study also observed a significant and
rapid degradation phase during the initial 7 days [24].

The CH-G scaffold combines the beneficial properties of its constituent materials,
potentially creating a microenvironment conducive to tissue regeneration. Gelatin, a
component of the scaffold, is known to promote cellular activity, including adhesion,
differentiation, and proliferation [24]. Chitosan, on the other hand, contributes its inherent
antibacterial properties [23]. Additionally, porous chitosan structures have been shown
to enhance chemotaxis, the regenerative potential of dental pulp cells, and odontoblastic
differentiation [38]. This synergistic interaction between the scaffold’s components may
establish a microenvironment that is not only biocompatible, as demonstrated in our study,
but also actively promotes tissue regeneration. While the SEM analysis confirms that the
antibiotic solutions did not compromise the overall integrity of the scaffold itself, it is
important to acknowledge that this analysis does not necessarily guarantee the absence
of any mechanical stress on the cells. Future studies could explore the potential influence
of scaffold stiffness on cell behavior through methods like incorporating scaffolds with
varying stiffness or employing techniques to measure cellular response to mechanical cues.

The immortalized human bone marrow MSCs utilized in the present study demon-
strated cellular and molecular phenotypes, like primary hMSCs [27,28]. Their multipotency
and differentiation capabilities are comparable to dental pulp stem cells, making them
relevant to REPs [39–42]. Furthermore, research suggests that bone marrow stem cells
can induce odontoblasts and enhance dentin mineralization [43,44]. Dental pulp cells and
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bone marrow share similar genetic mechanisms in osteoblasts and odontoblast osteogenic
differentiation [45].

The rising prevalence of antibiotic resistance in oral bacteria underscores the need
for exploring broad-spectrum antibiotics. Augmentin, a first-line antibiotic for treating
spreading endodontic infections, demonstrated efficacy against bacterial biofilms in the
present study at 1 mg/mL. It aligns with a clinical study where augmentin was the only
antibiotic effective against all facultative and anaerobic bacteria isolated from patients
with acute endodontic abscesses [46]. Furthermore, cell viability and proliferation assays
indicated increased cell survival following treatment with augmentin compared to other
agents, corroborating a previous study reporting a 100% increase in cell survival rate with
low-dose augmentin [47]. A successful regenerative endodontic case using augmentin
paste for root canal disinfection has also been reported [48]. However, routine clinical use
of augmentin as an intracanal medication is limited due to concerns regarding penicillin
allergies [49].

The mTAP group emerged as a promising option, demonstrating significant antibacte-
rial activity against biofilms without compromising cell viability. Recent in vitro studies
support mTAP’s effectiveness as an antimicrobial against biofilms [23]. Notably, a study
showed that mTAP exhibited the highest antimicrobial activity against E. faecalis biofilms
within deep intratubular dentin compared to TAP and Ca(OH)2 [50]. The inclusion of
clindamycin in mTAP offers several benefits. Clindamycin exhibits potent activity against
Gram-positive bacteria and obligate facultative anaerobes and possesses desirable prop-
erties for promoting bone growth [51]. Furthermore, it has superior bone penetration
compared to commonly used antibiotics like penicillin [52].

While Ca(OH)2 displayed some biocompatibility (no cytotoxicity observed), its incor-
poration within the scaffold altered cell structure and did not achieve complete biofilm
eradication. These findings align with previous research that suggests the limitations
of Ca(OH)2 for REPs [39]. Several factors might contribute to the observed inefficacy of
Ca(OH)2 in this context. Firstly, compared to other antibiotic combinations like TAP or DAP,
Ca(OH)2 exhibits lower efficacy against established biofilms [9–11]. Secondly, Ca(OH)2
may not be optimal for targeting common endodontic pathogens associated with persistent
infections [11]. Finally, limitations in its solubility, diffusibility, and dentin-buffering capac-
ity, even at higher concentrations within the scaffold, might restrict its effectiveness [53].
These limitations highlight the need to explore alternative antibiotic formulations within
CH-G scaffolds for optimal biofilm eradication during REPs.

This study employed two methods, the MTT assay and CLSM, to assess the reduction
in bacterial burden. This approach comprehensively evaluated the antibacterial efficacy
of various agents released from the CH-G scaffold on the dentin surface and within the
dentinal tubules. The MTT assay selection aligns with previous studies utilizing the same
model to evaluate the metabolic activity of E. faecalis and its biofilm formation [30]. The
MTT assay offers several advantages, including rapid results, ease of use, and the ability to
assess cell density in small cultures [54]. Even though this study was carried out against a
single microorganism, it is the first to examine the potential of CH-G scaffolds loaded with
augmentin and mTAP.

The study was conducted entirely in vitro, which inherently limits its translation to the
complex biological environment of a real REP procedure. Alternative cell seeding methods,
such as direct seeding or transwell migration assays, are needed to better simulate cell
migration and population within the 3D scaffold structure. Future studies involving animal
models or even human tissues will be necessary to assess the true effectiveness of these
scaffolds in a more clinically relevant setting. The use of a single bacterial species and
individual cells, instead of a more complex tissue model, represents a limitation. This
approach does not fully capture the intricate interactions between various cell types and
bacterial communities present in an infected tooth.
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This study demonstrates the promising potential of CH-G scaffolds loaded with
antibiotics for use in REPs. However, further research is necessary to fully translate this
potential into clinical applications. Future studies should investigate strategies to optimize
the loading and release kinetics of various antibiotics within the CH-G scaffolds. This
could involve exploring different formulations, scaffold properties, or release mechanisms
to tailor them to specific clinical needs and target bacteria. Expanding the research to
investigate the efficacy against multispecies biofilms, which are prevalent in infected root
canals, would provide a more realistic picture of the potential clinical effectiveness. In vivo
studies are crucial to validate the long-term efficacy and safety of these scaffolds in a more
realistic physiological environment. This will allow for a more comprehensive evaluation
of their potential benefits and limitations in a clinical setting. Further investigation into
the ability of the CH-G scaffolds to induce mineral matrix deposition, a key aspect of
dentin regeneration, is warranted. Explorations into the combined effects of different
antibiotic formulations within the scaffolds and their potential synergistic benefits for
biofilm eradication hold promise. This could lead to more effective treatment strategies for
complex infections. By addressing these areas, future research can refine the design and
application of CH-G scaffolds for REPs, ultimately leading to improved clinical outcomes.

5. Conclusions

This study suggests that CH-G scaffolds loaded with specific antibiotics, particularly
augmentin and mTAP at a concentration of 1 mg/mL, offer a promising approach for
endodontic regeneration. Their biocompatibility, antibacterial efficacy, and ability to pro-
mote cell attachment provide a foundation for developing novel therapeutic strategies in
this field.
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